The concentration of glucan, mucilage, soluble carbohydrates, and mal;c acid were determined In Opuatia bigelovii EngehnL during a 23-week period. The experiment began during the dry summer by irrigation to stimulate Crassulacean acid metaboUsm and was followed by 13 weeks of drought. Spoehr (8). The latter were completed before there was much understanding of CAM physiology and ecology. In particular, the early researchers were perplexed by the diurnal acidity changes they sometimes observed, and their carbohydrate investigations were overshadowed by the pentosan theory of succulence (2). Our work reexamines the question of carbohydrate metabolism by cacti growing in a changing desert environment.
10-week period until late December. The maximum level of maic acid determined each day at dawn decreased throughout the drought period and increased after irrigation. Hg levels of madc acid occurring at dawn are indicative of active Crassulacean acid metabolism. Soluble carbohydrates also decreased during drought and increased after irrigation. Both glucan and muclage increased slihtly for about 9 weeks during the drought period and then began to decrease. Irrigation was accnied by a further decrease in concentration of glucan and mucilage. Since both glucan and mucilage changed in a similar manner and since their concentrations in the tissue are correlated, it is hypothesized that both function as storage carbohydrates. Whereas glucan is the nocturnal substrate for malic acid synthesis, there are no data to support or refute a similar hypothesis for mucilage.
The physiology and ecology of CAM plants have received much recent attention (4) , but studies have been either of short-term diurnal carbon and water metabolism or of long-term survival centered around carbon and water balance from the point of view of the contribution of CAM (7) . The investigation of long term carbohydrate changes under natural conditions has, however, advanced little since the early investigations of MacDougal et al. (5) and Spoehr (8) . The latter were completed before there was much understanding of CAM physiology and ecology. In particular, the early researchers were perplexed by the diurnal acidity changes they sometimes observed, and their carbohydrate investigations were overshadowed by the pentosan theory of succulence (2) . Our work reexamines the question of carbohydrate metabolism by cacti growing in a changing desert environment.
Inasmuch as the maximum accumulation of malic acid at dawn is a measure of CAM activity (4) , malic acid was measured along with soluble carbohydrates, glucan, and mucilage. Because the role of glucan supplying carbon for malic acid synthesis during CAM is reasonably well understood (9) and because earlier no- ' Supported by a Commonwealth Scientific and Industrial Research Organization Postdoctoral Studentship during the experiment.
tions that mucilage functions in the water economy of cacti (2) have largely been discounted (14) , we have begun a study of mucilage from a physiological and ecological viewpoint. The data in this paper support the hypothesis that mucilage is a carbohydrate reserve. We have not as yet investigated the possibility that mucilage, as well as glucan, supplies carbon as the substrate for CAM.
MATERIALS AND METHODS
Plant Material. Optuntia bigelovii Engelm., growing in its natural habitat at the Philip L. Boyd Deep Canyon Desert Research Center (13) near Palm Desert, CA, was sampled during a 23-week experimental period. This cactus is a densely spined cylindropuntia with an erect habit. It reproduces almost exclusively by vegetative means; thus, the plants sampled for analysis are clonal.
Experimental Design. The experiment began in midsummer during drought. Plants at this time have water potentials from -15 to -10 bars, and stomata are tightly sealed preventing gas exchange (12) . They are in a metabolic state termed 'idling,' in which internally generated CO2, through respiratory processes, is recycled through the CAM pathway (4). Stomata were opened by 6 mm of irrigation. After 5 days, stomata were fully open, and maximum gas exchange occurred (3) . After irrigation, the plants experienced drought (no irrigation or precipitation) for 13 weeks (from mid-July to mid-October). After the 13-week drought, plants were irrigated weekly for an additional 10-week period. The climate is described in Ting and Jennings (13) Coprecipitation of soluble compounds with the mucilage was examined using "C-labeled compounds. Malic acid (1.2%), aspartic acid (1.8%), glucose (0.6%), and alanine (0.2%) coprecipitated with the mucilage fraction. Glucan was removed from the residue of the ethanol and water fraction by two sequential 30-min extractions with cold 35% HC104. Malic acid was estimated enzymically (10) . Soluble sugars and glucan were estimated as glucose equivalents by the phenolsulfuric method of Dubois et al (1) . The small amount of HC104 included with the glucan samples did not interfere with the assay. Mucilage was also determined by the DuBois method (1). Mucilage is expressed in mg, based on a purified sample of 0. bigelovii mucilage as a standard (purification method to be published by B. G. Sutton). Glucan is defined operationally as a class of glucose polymers, including starch, which are insoluble in the aqueous solvents used but soluble in 35% HC104 (9 Soluble sugars decreased throughout the drought period and increased upon resumption of irrigation. This is evidently the result of exogenous CO2 uptake, which does not occur during drought when stomata were closed both day and night (3, 12) .
The data in Figure 1 , which are pooled data from different tissue ages and types (cortex and pith), were separated and analyzed (Table I ). The change in malic acid, soluble sugars, glucan, and mucilage with time during the experiment were all statistically significant, although the data for mucilage were only significant at the 10%'o probability level. For the latter, there was extreme variation, as evidenced by a coefficient of variation of 61%. Both malic acid and glucan showed significant differences between the tissue ages, but soluble sugars and mucilage did not. There was no interaction of age and time of sampling. Unlike malic acid and glucan, which showed a significant difference with respect to age, soluble sugars and mucilage showed significant differences by tissue type.
The significant tissue age effect for malic acid (Table I ) and the absence of a significant age x time interaction indicates that the concentration of malic acid in the distal and proximal portions of the cladodes changed in the same manner during the course of the experiment, but the average concentrations were significantly different (73 and 48 ,umol g-fresh weight, respectively). Similarly, the analysis indicates that the average concentrations of malic acid in the cortex and pith were not different (62 and 59 ,umol g-' fresh weight, respectively), but these concentrations changed in a different manner with time. During the drought phase of the experiment, the concentration of malic acid in cortex and pith was similar (Fig. 2) , but, after irrigation, the concentration in the cortex at dawn was significantly higher than that in the pith, which rose slowly during the remainder of the experiment. As seen in Figure 1 , the soluble sugar levels were high during periods of available water, both at the beginning and during the (Table I) , with a rapid drop after week 9 but before irrigation.
The other significant treatment effects for glucan concentration indicated in Table I are illustrated in Table II . The average concentration of glucan in the young (distal end) cortex was significantly greater than the concentration in the older cortex (proximal end) and the pith. The change in mucilage concentration, allowing for the variability mentioned earlier, appears to be due to an increase and subsequent depletion of this component during the early drought phase of the experiment. This appears similar to the pattern observed for glucan. Analysis showed that the concentrations ofthese two components were highly correlated (Fig. 3) , indicating that they changed in a similar manner with time. The remaining significant treatment effects for mucilage in Table I are illustrated in Table III . On average, most of the mucilage was in the cortex, particularly in the distal portion of the cladode.
DISCUSSION
The choice of dawn as a sampling time in this experiment was made in order to separate the changes in plant carbohydrate and acid content brought about by diurnal CAM activity from those changes attributable to season. The main characteristic of CAM is accumulation of malic acid at night. In cactus, the levels of malic acid at dusk are low and reasonably constant (3, 11) . Thus, the extent of CAM can be inferred from the higher acid levels on the following morning. The changes in acid metabolism in response to water availability observed in this experiment are similar to published findings (6, 12) . However, in addition to the rapid resumption of CAM activity often observed immediately following irrigation or rainfall ( Fig.   1 ) (3, 6, 12) , our study also shows that a further slow increase in the amount of acid accumulated at night occurs over many weeks (Fig. 1) . These results (Fig. 2) indicate that the cortex provides the rapid response and that the lower rate of increase of acid accumulation in the pith is responsible for the slower response.
By making some assumptions about the base line values for malic acid during the course of the experiment, the effect of CAM on daily glucan level can be assessed. If a steady minimum daily value of 20 ,umol g-1 fresh weight is assumed (11, 12) , the maximum daily glucan values can be calculated as the sum of the glucan level at dawn plus one-half the diurnal malic acid range (9) . The calculation (Fig. 1) indicates a slight increase in glucan levels during drought until week 9, then a major decrease during the last 4 weeks. During the 10-week irrigation period after the drought, substantial glucan accumulation occurred. In a previous report on the seasonal changes in carbohydrate content of cacti (8) , hexose polysaccharides changed similar to the glucan measured in this experiment. In the previous study, samples were collected in the morning, so diurnal changes in glucan were not taken into account. In contrast to the conclusions of this earlier report, it appears that there is little increase in glucan during drought, but substantial increase occurs during favorable growing periods.
The change observed in soluble sugars (Fig. 1 ) is similar to that previously reported by Spoehr (8) . It is unlikely that significant diurnal changes in these levels would occur as a result of CAM activity (9, 14) ; thus, the variation probably reflects the availability of water.
Mucilage accumulation, also, is similar to the observations made by Spoehr (8), but there is little guidance from the available literature as to the significance. Earlier workers supported a pentosan theory of succulence (2) . This theory proposed that mucilages were responsible for water retention and, therefore, the succulent habit. However, Evans (2) concluded that the pentosan theory was inadequate, and later work (14) demonstrated that mucilage lacks the significant matric potential necessary for such a role. The amount of mucilage stored in our experimental plants was not trivial. Conversion of glucan to a weight basis indicates that, at week 9, there was more mucilage than glucan (20.4 and 13.9 mg g-1, respectively). The latter observation and the correlation between total glucan and muclage levels (Fig. 3) suggest that mucilage may be acting as another carbohydrate reserve in these plants. The evidence is strong that glucan supplies carbon 
